Fusarium head blight (FHB) severity was evaluated in a set of recombinant inbred (RI) lines from a cross between the two-rowed barley varieties, Harbin 2-row (resistant) and Turkey 6 (susceptible). Harbin 2-row was one of the most resistant varieties to FHB among ca. 5,000 barley germplasm accessions stored at Okayama University. At these three QTLs, the alleles from Harbin 2-row contributed to a lower severity. A QTL on chromosome 2H was located in the vicinity of the cleistogamy locus (cly1 or Cly2) that determines open/closed flowering type. The comparison with previously identified QTLs for FHB severity by the present authors indicated that Harbin 2-row might harbor the same resistance allele in the vicinity of the cly1/Cly2 locus as Russia 6, which was used as a resistant parent in the previous study. The QTL in the vicinity of the cly1/Cly2 locus is one of the promising sources for FHB resistance breeding in barley.
Introduction
Fusarium head blight (FHB) or scab, which is one of the most serious diseases of barley, causes significant losses in both yield and quality (Atanasoff 1920 , Ayoub and Mather 2002 , Steffenson 2003 . Fusarium infected-kernels often contain high concentrations of mycotoxins, which are harmful to human beings and livestock (Bai and Shaner 1994) . The cultivation of resistant plants is the most costeffective method to control the disease .
QTL analyses associated with FHB severity and deoxynivalenol (DON) accumulation have been conducted in barley to select resistant genotypes, and identify the responsible genetic factors (de la Pena et al. 1999 , Zhu et al. 1999 , Ma et al. 2000 , Dahleen et al. 2003 . In previous studies, some associations between FHB resistance and certain morphological traits had also been reported. For example, several extensive germplasm screening studies indicated that two-rowed varieties (Vrs1) showed a higher FHB resistance than six-rowed (vrs1) varieties (Takeda and Heta 1989 , Zhou et al. 1991 , Steffenson et al. 1996 . Mesfin et al. (2003) and Dahleen et al. (2003) reported the presences of a QTL near the vrs1 locus on chromosome 2H using populations derived from two-rowed × six-rowed crosses. They could not determine whether the QTL effect was caused by the pleiotropic effect of the vrs1 locus or the linkage between the QTL and the vrs1 locus. The QTL at the vrs1 locus was also detected in a recombinant inbred (RI) population derived from a cross between Russia 6 (tworowed) and H.E.S. 4 (six-rowed) (Hori et al. 2005) . Steffenson (2003) and Yoshida et al. (2005) reported the presence of relationship between the flowering type (anther exsertion or cleistogamy) and FHB resistance. The gene for the flowering type was identified as a morphological marker (cly1/Cly2) on the long arm of chromosome 2H (Turuspekov et al. 2004 ). In our previous study (Hori et al. 2005) , we showed that the lines with closed flowering (without anther exsertion) were significantly more resistant than the lines with open flowering, and a QTL for FHB severity was detected within a 1.7 cM distance from the cly1/Cly2 locus. Further analysis is necessary to reveal the relationship between the severity and the responsible gene(s) in this region.
The objectives of the present study were to estimate the locations and effects of QTLs for FHB severity on a linkage map in a RI population derived from a cross between Harbin 2-row (two-rowed and FHB-resistant variety) and Turkey 6 (two-rowed and FHB-susceptible variety), and to examine whether these QTLs exist in the vicinity of the vrs1 or cly1/ Cly2 loci. The locations and effects of QTLs for FHB severity detected in the present study were compared with those in (e-mail: kazsato@rib.okayama-u.ac.jp) previous studies to eliminate the row-type effects, using a RI population derived from a cross between varieties with the same row type.
Materials and Methods

Plant materials
Two hundred thirty five F 12 RI lines derived from a cross between Harbin 2-row and Turkey 6 were developed by single-seed descent from F 2 individuals in a field located at the Research Institute for Bioresources, Okayama University, Kurashiki, Japan (34°35′N and 133°46′E). Harbin 2-row (accession No. C649), which is a two-rowed spring barley variety collected from China, was selected as one of the most resistant varieties to FHB by Takeda and Heta (1989) . Turkey 6 (accession No. T602) is a moderately susceptible two-rowed winter barley variety collected from Turkey. Ninety-four RI lines were used to construct a linkage map and to identify QTLs for FHB severity.
Phenotype evaluation
The RI lines and their parents were grown in a field located in Kurashiki during the winter barley growing seasons of 2000-2001 (2001 season) and 2003-2004 (2004 season) . FHB inoculation was carried out by the 'cut-spike test' developed by Takeda and Heta (1989) . Spikes from each line were collected from the field at the time of flowering, and spikes were spray-inoculated with a freshly prepared conidial suspension (concentration of 2 × 10 5 per ml) at the rate of 50 ml per inoculation tray (ca. 240-300 spikes). Fusarium graminearum strain OUZ78, which displays a moderate virulence and is maintained at the Research Institute for Bioresources, Okayama University, was used as a source of inoculum. Spikes with disease symptoms were scored on the eighth day after inoculation using a 0-10 scale, where 0 corresponded to 0% of infected florets per spike (resistant), and 10 to over 60% of infected florets per spike (susceptible). The experiment consisted of three replications with three inoculated spikes in each replication in both seasons. The mean scores of replications for each RI line were used for QTL analysis.
Thirteen qualitative and quantitative traits were evaluated for the 94 RI lines and their parents. Lemma color, aleurone-layer color, rachilla-hair length and flowering type (cleistogamy) were scored and mapped as morphological markers on a linkage map of the RI population. In the 2001 season, phenotypes were scored for nine quantitative traits, including culm length, ear length, spike-exsertion length (culm length between base of spike and flag leaf), awn length, number of spikelets per spike, rachis-internode length (kernel density), glume length, thousand-kernel weight and heading date. Scorings of quantitative traits were performed according to the method of Hori et al. (2003) . Heading date was scored in both the 2001 and 2004 seasons. Phenotypes for the agronomic traits of Harbin 2-row and Turkey 6 are shown in Table 1 .
Linkage map construction
Each 94 RI line was genotyped with AFLP, SSR, RFLP-STS, AFLP-STS, RGA and morphological markers scattered on the whole genome. AFLP markers were analyzed based on the description by Vos et al. (1995) . SSR markers generated by Ramsay et al. (2000) were amplified, as described by Hori et al. (2003) . One RFLP-STS marker (cMWG699) closely located to the vrs1 locus on chromosome 2H was selected to indicate the vrs1 location in the present study, and amplified as described by Tanno et al. (2002) . One AFLP-STS marker (STS_FEgtaMacg677) developed by Hori et al. (2005) was also used to compare QTL locations. Resistance gene analog (RGA) markers were amplified with XLRRfor and XLRRrev primers. For the primer sequences and amplification conditions of the RGA markers, the method of Chen et al. (1998) was adopted. The PCR products were electrophoresed on a 13% acrylamide gel at a 250 V constant voltage for seven hours using the High Efficiency Genome Scanning system (Hori et al. 2003) .
The segregation data of AFLP, SSR, RFLP-STS, AFLP-STS, RGA and morphological markers were analyzed with MAPMAKER/EXP ver. 3.0 (Lander et al. 1987) and MAPL98 (Ukai et al. 1995) . The SSR and RFLP-STS markers were used as anchors to assign other markers to the seven barley linkage groups at the LOD threshold of 3.0. The Kosambi mapping function was used to estimate marker distances (Kosambi 1944) .
QTL identification
QTL analysis was carried out by simple interval mapping (SIM) and by composite interval mapping (CIM), using the software packages MAPMAKER/QTL ver. 1.1b (Lander and Botstein 1989) and QTL Cartographer ver. 1.16 (Basten et al. 1994) , respectively. A LOD threshold of 2.0, which was determined by the permutation test using QTL Cartographer, was used to confirm the presence of putative QTLs. The LOD peaks at significant QTL intervals were considered to correspond to the QTL locations on the linkage map. (Fig. 1) .
Correlation coefficients were calculated between the FHB severity score and nine agronomic traits. Heading date in the 2004 season (r = 0.26), ear length (r = 0.21), glume length (r = −0.28) and rachis-internode length (r = 0.29) were significantly correlated with the severity score, although all the r-values were less than 0.30. Ear length (r = 0.21) and rachis-internode length (r = 0.29) showed significant positive correlations with the severity score, indicating a higher susceptibility in the RI lines with lax spikes. Glume length (r = −0.28) showed a significant negative correlation with the severity score, indicating the presence of a higher resistance in the RI lines with short glumes. Heading date in the 2001 season, culm length, awn length, spike-exsertion length, number of spikelets per spike and thousand-kernel weight were not significantly correlated with the severity score.
Map construction
Seventy-nine primer combinations in the AFLP analysis generated 426 polymorphic bands between Harbin 2-row and Turkey 6. Seventy-seven primer combinations of SSRs for parental screening generated 45 polymorphic markers. Both RFLP-STS (cMWG699) and AFLP-STS (STS_FEgtaMacg677) markers revealed single nucleotide polymorphisms between the parents. The XLRRfor and XLRRrev primer combinations generated four polymorphic fragments as RGA markers.
The final linkage map consisted of 383 markers including 328 AFLP, 45 SSR, one RFLP-STS, one AFLP-STS, four RGA and four morphological markers, with a total map length of 1,377.1 cM. The average marker density was 3.6 cM/locus. However, the marker density varied with the regions. Marker clusters were detected on each linkage group. In contrast, regions with few markers were observed on chromosomes 1H and 4H. Most of the locations of the SSR markers were not different from those previously reported (Ramsay et al. 2000 , Hori et al. 2003 . cMWG699, which was close to the vrs1 locus, was located on the long arm of chromosome 2H. The lemma color (Blp), flowering type (cly1/Cly2), aleurone-layer color (blx) and rachilla-hair length (srh) markers were located on chromosomes 1H, 2H, 4H and 5H, respectively. The locations of these morphological markers corresponded to their previously reported (Costa et al. 2001 , Hori et al. 2003 .
QTL detection
QTL analyses were carried out for FHB severity on the linkage map using MAPMAKER/QTL ver. 1.1b (SIM) and QTL Cartographer ver. 1.16 (CIM). Table 2 shows the characteristics of the detected QTLs in relation to the FHB severity, and Figure 2 shows the LOD score profiles by CIM analysis for FHB severity on chromosomes 2H, 4H and 6H. No QTLs were detected by SIM analysis in either seasons. One QTL (LOD > 2.0) on chromosome 2H, which was detected in the 2001 season, was located between the FXLRRfor_XLRRrev119 and STS_FEgtaMacg677 markers in the vicinity of the cly1/Cly2 locus. In the 2004 season, one QTL was detected each on chromosomes 4H and 6H. All the QTL alleles from the resistant parent Harbin 2-row contributed to a lower FHB severity.
Non-significant LOD peaks (< 2.0) were observed at the same marker intervals as those of the QTLs detected on chromosomes 4H and 6H in the 2001 season and on chromosome 2H in the 2004 season (Table 2 and Fig. 2) . These low LOD peaks showed almost similar additive effects (ca. 1.0) to those of the three significant QTLs (LOD > 2.0). Multiple QTL model (MQM) with these three LOD peaks in the CIM analysis explained 26.2% of the total variance in the 2001 season and 38.4% in the 2004 season ( Table 2 ). The MQM effect was almost equal to the sum of additive effects of each QTL, indicating that interactions among the QTLs were limited. Two QTLs were detected on chromosome 2H in a RI population derived from a cross between Russia 6 and H.E.S. 4 (Hori et al. 2005) . Both varieties, Russia 6 and Harbin 2-row, displayed the highest level of resistance to FHB, as reported by Takeda and Heta (1989) . Thus, QTL locations on chromosome 2H were compared between the two linkage maps (Fig. 2) . Marker orders including HVM54, FXLRRfor_XLRRrev119 (170), STS_FEgtaMacg677 and cly1/Cly2 loci were identical between the linkage maps of Harbin 2-row × Turkey 6 and Russia 6 × H.E.S. 4. The QTL for FHB severity was located at the same marker intervals in the vicinity of the cly1/Cly2 locus between the linkage maps. No QTL was detected in the vicinity of the vrs1 (cMWG699) locus in the Harbin 2-row × Turkey 6 linkage map.
Discussion
Linkage map construction
A linkage map including 383 loci was constructed for the RI population derived from the cross between Harbin 2-row and Turkey 6 in the present study. Length of the linkage map was 1,377.1 cM, which seemed to cover the whole genome, because a sufficiently large number of markers was distributed on the seven barley chromosomes. Thus, the linkage map in the present study may be suitable for the detection of QTLs for FHB severity. The total map length was almost the same as that of the map constructed by Costa et al. (2001; 1,387 cM) , longer than that of Ramsay et al. (2000; 1,173 cM) and shorter than that of Hori et al. (2003; 1,595.7 cM) . The difference in the length of various maps may be due to differences in the recombination frequencies in the cross combinations and population types of generations, i.e. F 2 , RI or doubled haploid.
QTL analysis for FHB resistance
Broad sense heritabilities were relatively high for the FHB severity (h 2 = 0. (Table 2) . It was suggested that some of the QTLs for FHB severity with smaller explained variances were not detected in the present study. Improvements of phenotype scoring, including plant cultivation in a controlled environment, would be necessary to detect a larger number of QTLs in this RI population.
No QTL for FHB severity was detected in the vicinity of the vrs1 (cMWG699) locus in the present study, presumably due to the presence of the same resistance alleles around the vrs1 locus between Harbin 2-row and Turkey 6. In our previous study using a two-rowed × six-rowed RI population, one QTL for FHB severity located at the vrs1 locus was detected in only one season, although the other QTLs for FHB severity were detected in both seasons (Hori et al. 2005 ; Fig. 2) . Mesfin et al. (2003) and Dahleen et al. (2003) also reported the presence of QTLs for FHB severity in the vicinity of the vrs1 locus on chromosome 2H in two-rowed × six-rowed populations. Thus, the vrs1 locus might exert a pleiotropic effect conferring FHB resistance, but may not be the major factor for FHB resistance.
It has been suggested that the flowering type (anther exsertion or cleistogamy) influenced FHB resistance (Steffenson 2003 , Turuspekov et al. 2004 , Yoshida et al. 2005 . In our previous study, we showed that a QTL for FHB severity was detected within a 1.7 cM distance from the cly1/Cly2 locus. This QTL exerted the largest effect in the Russia 6 × H.E.S. 4 population (Fig. 2) . In the present study, one QTL was also detected in the vicinity of the cly1/Cly2 locus (5.8 cM distance). Since several RI lines with open flowering showed a high level of FHB resistance, while several RI lines with closed flowering showed a low level of FHB resistance, the possibility of linkage cannot be ruled out. Moreover, multiple QTLs for FHB severity were reported in this chromosomal region in several previous studies (de la Pena et al. 1999 , Zhu et al. 1999 , Ma et al. 2000 , Dahleen et al. 2003 . Further studies using largescale populations or near-isogenic lines should be carried out to determine whether the resistance is derived from the linkage effect of the cly1/Cly2 locus. This is the first report of QTL detection for FHB severity on the long arm of chromosome 4H (Fig. 2) , although de la Pena et al. (1999) and Ma et al. (2000) detected several QTLs for FHB severity on the short arm of chromosome 4H. Another QTL was detected near the centromeric region on chromosome 6H (Fig. 2) . Ma et al. (2000) , Mesfin et al. (2003) and Dahleen et al. (2003) reported the presence of QTLs for FHB on chromosome 6H. Some of the reported QTLs may correspond to the QTL detected in the present study.
Genetic relationships between FHB severity and nine agronomic traits were investigated. Low but statistically significant correlations with FHB severity were detected for ear length (r = 0.21), glume length (r = −0.28) and rachisinternode length (r = 0.29) in the 2001 season. Since QTLs for FHB severity, ear length, glume length and rachis-internode length were identified in the vicinity of the cly1/Cly2 locus on chromosome 2H (data not shown), significant correlations might have resulted from the linkage between the QTL for FHB severity and the QTLs for these traits. A low but statistically significant correlation with FHB severity was also detected for heading date (r = 0.26) in the 2004 season. Because one QTL for heading date was detected at a 12.5 cM distance from the QTL for FHB severity on chromosome 6H in the 2004 season (data not shown), the low but significant correlation in the 2004 season might be due to linkage between the QTLs for heading date and FHB severity. Culm length, awn length, spike-exsertion length, number of spikelets per spike and thousand-kernel weight did not show any significant correlations with FHB severity, and QTLs for these traits were not detected near the QTLs for FHB severity (data not shown). Thus, FHB severity detected by the 'cut-spike test' seemed independent from these traits in the present study.
Since the markers linked with the QTLs are important to perform marker-assisted selection for FHB resistance, the RI lines were selected based on the genotypes of the QTL flanking markers and average FHB scores were compared to demonstrate the multiple effects of the FHB resistance alleles. FHB severity scores of selected RI lines with three Harbin 2-row QTL alleles and those with three Turkey 6 QTL alleles were 5.3 ± 1.4 and 7.3 ± 1.3 in the 2001 season, and 4.8 ± 1.5 and 7.0 ± 1.3 in the 2004 season. Differences between the RI lines with three Harbin 2-row QTL alleles and those with three Turkey 6 QTL alleles were statistically significant in both seasons (t = 2.62 in the 2001 season and t = 3.26 in the 2004 season). These three QTLs and flanking markers could become useful sources of FHB resistance in barley breeding programs.
We detected one of the most effective QTLs for FHB Fig. 2 . Scans of QTL analysis (composite interval mapping) for FHB severity on chromosomes 2H, 4H and 6H on the linkage map in the RI population derived from Harbin 2-row × Turkey 6, and chromosome 2H on the linkage map in the RI population derived from Russia 6 × H.E.S. 4 (Hori et al. 2005) . Linkage groups are oriented from short arm (left) to long arm (right). Locations and designations of anchor markers and closely linked markers to the QTL are shown on horizontal lines under the LOD curves.
severity in the present study, because the QTL located in the vicinity of the cly1/Cly2 locus was found in two different genetic backgrounds of the highly resistant varieties, i.e. Russia 6 and Harbin 2-row, selected by Takeda and Heta (1989) . This QTL may be very important to introgress resistance alleles into barley germplasm in breeding programs.
